To refine and spheroidize the microstructures of hypereutectic Al-Si-Fe alloys, a novel method of wavelike sloping plate (WSP) rheocasting was proposed, and the effect of the WSP rheocasting on the microstructures of hypereutectic Al-18 pct Si-5 pct Fe alloys was investigated. The results reveal that the morphologies of the primary Si crystal, the Al 18 Si 10 Fe 5 , and the Al 8 Si 2 Fe phases can be improved by the WSP rheocasting, and various phases tend to be refined and spheroidized with the decrease of the casting temperature. The alloy ingots with excellent microstructures can be obtained when the casting temperature is between 943 K and 953 K (670°C and 680°C). During the WSP rheocasting, the crystal nucleus multiplication, inhibited grain growth, and dendrite break-up take place simultaneously, which leads to grain refinement of the alloys.
I. INTRODUCTION
ENERGY saving and automobile performance depend on the performance of automobile piston materials. Because the hypereutectic Al-Si alloy has a low density, excellent wear-resistant properties, and a low coefficient of thermal expansion, it can replace iron materials to manufacture an automobile piston. Therefore, it has been studied by many researchers in recent years. [1] [2] [3] In hypereutectic Al-Si alloys produced by the conventional casting process, Si phase generally grows with a facet pattern during solidification. The size of Si phase is even larger than 50 lm, and the morphologies of Si phases generally take on plate-like, pentagon, or polygon shapes. These kinds of microstructures worsen the machining performance and mechanical properties during the service period. Thus, strategies to improve the morphology of the primary Si crystal have become an important research focus. [4] [5] [6] In addition, it is believed traditionally that the Fe element in an aluminum alloy is an impurity element because of the formations of hard and brittle Fe-based phases that would lead to the formation of cracks and reduce mechanical properties. However, if the morphology can be controlled effectively to form dispersive and fine Fe phases in an aluminum matrix, the dispersive-particle reinforced composites can be obtained, and the mechanical properties and the thermal stability of hypereutectic Al-Si alloy will be improved. Therefore, the preparation of hypereutectic Al-Si alloy with dispersive and fine primary Si crystal and Fe-based phases is an important research project in field of material processing.
The microstructures of the eutectic Si and the primary Si crystal can be improved in two ways. One is to add inoculants, and the other is to improve the processing technology. Many inoculants have been developed, such as Na, Sr, Ba, and RE, which are the effective elements for refining the eutectic Si. [7] The primary Si crystal can be improved effectively by P and RE. The compositions of the inoculants have been developed gradually from single-element inoculants to two-element inoculants, three-element inoculants, and multiple-element inoculants. [8] [9] [10] Refinement by using inoculants is effective, but some problems exist, such as complex process and ''poisoning immune'' phenomenon among different elements. Extensive attention has also been paid to the advanced production processes for improving Si and Fe phases in hypereutectic Al-Si-Fe alloys. The effective grain refining methods, spraying deposition, ultrasonic vibration, mechanical stirring, and electromagnetic stirring have been studied widely for many years. [11] [12] [13] [14] [15] [16] Semisolid processing and rapid cooling techniques are important methods for preparing hypereutectic Al-Si alloys. The cooling sloping (CS) plate technique is one of rapid cooling processes and can refine alloy microstructures effectively. It was reported to prepare semisolid alloys with good microstructures. [17, 18] Most previous work of CS focused mainly on the refinement of primary a-Al in aluminum alloys, but strategies to prepare hypereutectic Al-18 pct Si-5 pct Fe alloys by this method is rarely reported. [17, 18] In the current work, a novel method of wavelike sloping plate (WSP) rheocasting process with high efficiency and low cost is proposed to prepare hypereutectic Al-Si-Fe alloy. The effect of WSP rheocasting on the microstructures of hypereutectic Al-18 pct Si-5 pct Fe alloys was investigated.
II. EXPERIMENTAL
The principle of WSP rheocasting is shown in Figure 1 . After the melt is poured onto the sloping plate, it flows along the sloping plate and is cooled and stirred by the wavelike plate, so large numbers of crystal nucleus occur ceaselessly. The solid phase in the solidified melt is refined and spheroidized gradually, thus the semisolid slurry with fine solid phase and remnant liquid can be obtained. Finally, the slurry is cast directly in the mold.
The experimental materials were self-made Al-18 pct Si and Al-18 pct Si-5 pct Fe (wt pct) alloys. First, a commercial Al-20Si alloy was heated to 1013 K (740°C), and the preheated pure aluminum was put into the melt for the reaction. Subsequently, the melt was heated to 1073 K (800°C), and the active iron powder was added into the melt for the reaction. After an adequate reaction, the hexachloroethane was added into the melt for refining. The inclination angle of the sloping plate h was 45 deg, the length of the sloping plate was 600 mm, the plate surface was designed with sine wavelike shapes with the curvature radiuses of 10 to 20 mm, and the preheating temperatures of the sloping plate were set at the room temperature, 473 K (200°C), 573 K (300°C), 673 K (400°C), and 773 K (500°C), respectively. The casting temperature was set in the range from 923 K (650°C) to 993 K (720°C). The casting mold was a water-cooled copper mold. To compare the WSP rheocasting with the conventional casting, Al-18 pct Si and Al-18 pct Si-5 pct Fe alloys were also cast normally without using the sloping plate. The casting temperature was 983 K (710°C), and the same casting copper mold was used.
Metallographic specimens were taken from the central positions of the ingots prepared by the rheocasting and conventional casting. The specimens were polished and etched in a 0.5 pct HF + 99.5 pct H 2 O solution. An Olympus PMG51 digital optical microscope (Olympus America, Inc., Center Valley, PA) was used for the microstructure observation. A SSX-500 scanning electron microscope (Shimadzu Corporation, Kyoto, Japan) was used for the phase analysis, and A OLYCIA M3 V2005 image analysis software (Olympus American, Inc., Center Valley, PA) was used to analyze the average grain sizes of primary Si, rich Fe phases.
III. RESULTS AND DISCUSSION

A. Conventional Casting Microstructures of Al-18 pct Si and Al-18 pct Si-5 pct Fe Alloys
The liquidus temperature of Al-18 pct Si alloy is 963 K (690°C), and the solidus temperature is 850 K (577°C). The solidification microstructure of hypereutectic Al-Si alloy in equilibrium state consists of the matrix Al, the primary Si crystal, and the eutectic Si. As shown in Figure 2 (a), because of the strong cooling capability of the copper mold, a small quantity of dendritic a phase appears in the microstructure of Al-18 pct Si alloy. The a dendrite is a nonequilibrium solidification phase under rapid cooling velocity. When casting at 983 K (710°C), because of the high casting temperature, irregular primary Si crystal forms, and the eutectic Si is fine and long. The conventional casting microstructure of an Al-18 pct Si-5 pct Fe alloy is shown in Figure 2(b) . From the picture, acicular or plate-like phases with lighter color can be found. Because of the interpenetration of these new phases, the primary Si crystal is refined to a certain extent. Composition analysis of the acicular and the plate-like phases in Al-18%Si-5%Fe alloy is shown in Figure 3 . The composition analysis results are shown in Table I [12] that a-iron (a-Al 8 Si 2 Fe) and b-iron (b-Al 5 FeSi) phases could form easily in Al-Si alloy. However, the Al 5 FeSi phase was not found in the current alloy under the current experimental conditions. The primary Si crystal, the eutectic Si, the Al 18 Si 10 Fe 5 , and the Al 8 Si 2 Fe are the strengthening phases. If these phases exist in the matrix with spherical shapes, the mechanical properties of the alloy will be improved greatly. On the contrary, if these phases take on coarse acicular or plate-like shapes, they may worsen the mechanical properties. Therefore, how to refine and spheroidize the primary Si crystal, the Al 18 
and takes on a basic diamond crystal structure in the initial stage of its growth. [19] However, because of the inhomogeneous solute and temperature distributions, the primary Si crystal grow along a certain preferred orientation; thus, it grows into a plate-like shape. The microstructure of the Al-18 pct Si alloy quenched at 943 K (670°C) is shown in Figure 4(a) . The primary Si crystal with a plate-like shape is big. The quenching microstructure of the Al-18 pct Si alloy at the exit of the sloping plate during WSP rheocasting is shown in Figure 4 (b). During the melt flows along the sloping plate, a large quantities of nucleus form instantaneously under the chilling action of the sloping plate. Because of the flow shear action, the temperature gradient within the melt and the constitutional supercooling in the liquid-solid interface are reduced, which promotes the primary Si crystal turns into a globular shape. During the casting process, the sloping plate can provide a strong undercooling and cause a large quantity of nuclei to form. Heterogeneous nucleation appears first on the sloping plate surface and eruptive nucleation takes place in the whole melt, which creates fundamental conditions for fine spherical grain formation. [17, 18] The microstructures of the Al-18Si alloy ingots prepared by the WSP rheocasting at different preheating temperatures of the sloping plate are shown in Figure 5 . It is found by comparing Figures 5(a) with (b) that the microstructure prepared by using the sloping plate without preheating is finer and rounder than that prepared by using the sloping plate with the preheating temperature of 573 K (300°C). When the sloping plate is preheated to 573 K (300°C), the primary Si crystal coarsens. The effect of the preheating temperature of the sloping plate on the average grain size of the primary Si crystal is shown in Figure 6 . With the increase of the preheating temperature from the room temperature to 473 K (200°C), the average size of primary Si crystal increases. The grain size of the primary Si crystal does not vary significantly when the preheating temperature increases from 473 K (200°C) to 773K (500°C). When the sloping plate is not preheated, the average grain size of the primary Si crystal is smaller. These facts indicate that the preheating temperature of the sloping plate diminishes the cooling capability of the sloping plate and affects the nucleation and growth of the primary Si crystal. The migration capability of Si atoms has a significant influence on the growth of the primary Si crystal. When the sloping plate temperature is low, the rapid atomic migration is restrained by the strong cooling of the sloping plate, and the average grain size of the primary Si crystal becomes smaller. The higher the preheating temperature of the sloping plate, the weaker the cooling effect of the sloping plate on the melt and the bigger of the average grain size of the primary Si crystal.
The microstructures of the Al-18 pct Si-5 pct Fe alloy prepared under different casting temperatures are shown in Figure 7 . The effect of the casting temperature on the microstructure of the Al-18 pct Si-5 pct Fe alloy prepared by the WSP casting is shown in Figure 8 .
It can be found that with the decrease of the rheocasting temperature, the primary Si crystal, the eutectic Si, the Al 18 Si 10 Fe 5 , and the Al 8 Si 2 Fe phases are all refined. In particular, the refinement of the primary Si crystal and the eutectic Si is more obvious. When the casting temperature is 963 K (690°C) or 983 K (710°C), Fe phases are also refined, but their acicular morphologies vary little. When the casting temperature is below 963 K (690°C), Fe phases become short. Therefore, the alloy ingots with excellent microstructures can be obtained when the casting temperature is between 943 K (670°C) and 953 K (680°C).
The WSP rheocasting process is a dynamic rapidsolidification process. Three mechanisms may exist. First, after contacting with the sloping plate, the melt is cooled strongly by the sloping plate, and the growths of the primary Si crystal, the Al 18 Si 10 Fe 5 , and the Al 8 Si 2 Fe phases are restrained. Second, large quantities of nucleus can form easily on the surface of the sloping plate. If the alloy is stationary, the nucleus will grow along the surface of plate with a dendritic pattern and, hence, contact with each other. Finally, a solidification shell will remain on the surface. However, the alloy can flow along the wavelike sloping plate in the current experiment. Wavelike flow of the melt can make more convective motion in the melt, which can activate the inhibited nuclei to grow as active ones; therefore, under the flow shear action, these nuclei break away from the sloping plate surface in an endless stream, and the crystal nucleus multiplication happens. Then, the occurrence of the so-called ''crystallization rain'' phenomenon takes place, as shown in Figure 9 . Third, when the melt flows on the WSP surface, the solute distributions in the melt tend to be homogeneous, so it restrains the formations of coarse primary Si crystal, Al 18 Si 10 Fe 5 , and Al 8 Si 2 Fe phases during solidification. The experimental studies on this mechanism were introduced in References 17 and 18. It is well known that the distributions of Al, Si, and Fe elements in the melt are vital to the formation of the microstructure. If the Al element is depleted in a certain region, the formations of the primary Si crystal, the Al 18 Si 10 Fe 5 , and the Al 8 Si 2 Fe phases are usually accompanied. Because of the wavelike flow of the alloy, the homogeneous solute field during the solidification can be kept, which is a prerequisite for the formation of fine and homogeneous microstructure. So the microstructure of the WSP rheocasting alloy is much finer than that of the conventional casting alloy.
Mao et al. [13] found that electromagnetic stirring can refine the microstructure of the primary Si crystal in a hypereutectic Al-Si alloy. The authors believed that under the electromagnetic stirring, the primary Si crystal in hypereutectic Al-Si alloy is not an ideal single crystal, and many defects exist in the primary Si crystal. The defects, such as twins, dislocations, and subgrain boundaries, exist on the primary Si crystal. Although the shear force of the electromagnetic stirring has difficulty crushing the single crystal silicon, mechanical break-off can occur in the primary crystal because of the preceding defects. Experiments revealed that with the increase of the electromagnetic stirring power, the turbulent flow inside the melt is intensified, the probability of breaking off of the primary Si crystal increases, and hence, the size of the primary Si crystal is reduced. This explanation has been verified by the relevant studies. Qin [16] found that cracks exist on the surface of rich Fe phase in a hypereutectic Al-Si-Fe alloy. Their research results indicate that electromagnetic stirring can refine the microstructures of the hypereutectic Al-20 pct Si-3 pct Fe alloy. Intense turbulent flow also exists in the WSP rheocasting. The intensive turbulent flow results in the fracture and the refinement of the microstructures, which can be proved preliminarily by the microstructure of the quenched melt of Al-18 pct Si alloy that was taken from the surface of the sloping plate during the WSP rheocasting, as shown in Figure 10 aluminum atoms penetrated into the gaps, and a-Al formed around the primary Si crystals. 
